Introduction
Thermal cracking is a typical failure mode of high temperature combustion chamber components used in power plant, aerospace and transportation industry [1] [2] [3] . The crack damage caused by complicated thermal loading is becoming more and more serious with the development of high performance and reliability. The combined working conditions of combustion chamber components include startstop cycles and routine working cycles simultaneously [4] [5] [6] [7] . The former ones refer to larger temperature range (change from 100°C to 600°C) with a time period in several hundred seconds, which usually cause the low cycle fatigue (LCF) damage. In comparison, the latter ones correspond to smaller temperature range (the amplitude is 20-80°C) with a time period in the order of milliseconds, which induce the high cycle fatigue (HCF) damage. The pure LCF or HCF tests consist of constant amplitude cyclic loading. In contrast, the combination of LCF with HCF leads to complex failure mode called combined cycle fatigue (CCF), which is subjected to variable amplitude cyclic loading essentially. As a result, the crack damage caused by the CCF tests is supposed to be different from that caused by pure LCF or HCF tests [8] .
In the component design stage, several heat sources have been applied for the thermal fatigue reliability test, such as high frequency induction [9] , quartz lamp [10] , continuous wave laser [11, 12] and so on. However, the thermal HCF superimposed within millisecond interval is hard to accomplish with the above methods. Therefore, the pulsed laser is considered to be the ideal heat source for the thermal fatigue reliability test of variable amplitude thermal cycles [3, 13, 14] , owing to its high temporal and spatial controllability. Both the LCF thermal shock and the HCF temperature oscillation can be realized by appropriate selection of pulsed parameters. The instantaneous and inhomogeneous temperature gradients induce large deformation between the surface and interior, and cause irreversible thermal damage. Once the damage accumulates to a certain extent, thermal fatigue crack will be produced finally. It is worth noting that, during the CCF testing process of variable amplitude loads, the direction of principal stress varies with cyclic loading, and is time-dependent. In addition, the amplitude of principal stress may no longer be proportional to one another. The above two factors indicate that the materials are under multiaxial fatigue condition, and the resulting CCF thermal cracks are supposed to be different from that caused by uniaxial fatigue.
As for the recent researches carried out with the pulsed laser, Schaus [13] employed Nd:YAG pulsed laser to simulate thermal damage of steel as a result of cyclic temperature gradients. Long [15] studied the thermal fatigue of particle reinforced metal-matrix composite induced by pulsed laser heating and mechanical load, and simulated the fields and histories of temperature, macroscopical stress and microscopical stress with finite element software. Zhu [2] focused on the thermal barrier coating systems under thermal CCF conditions for diesel engine application, and the mechanisms of fatigue crack initiation and propagation. Vincent [16] proposed a thermal fatigue testing facility conducted with a pulsed laser beam, and an estimation of strain change was done using Digital Image Correction techniques. Although it has been reported above that, stresses generated by pulsed laser can initiate surface cracks, the detailed mechanisms of the crack evolution under the complex LCF and HCF conditions are still not completely understood and analyzed quantitatively.
During the pulsed laser CCF thermal cycles, the surface cracks initiate and propagate gradually. This time-dependent change influents the absorption of input energy, thus affecting the whole process of thermal deformation in a coupled and nonlinear way [17] . In this paper, the pulsed laser was applied for realizing the specific spatial and temporal temperature distribution, in order to reproduce the CCF thermal process. A nonlinear transient finite element analysis was conducted for the simulation of temperature and stress. Qualitative and quantitative analyses of CCF thermal cracks were conducted to investigate the effect of superimposed HCF loads on the thermal damage evolution of cast iron materials. Based on the above results, the mechanism of crack initiation and propagation under variable amplitude thermal fatigue was discussed. The present study provides insights into the variable amplitude thermal fatigue experimentally and numerically, which can help to analyze the thermal cracking failure and proposing evaluation criteria of combustion chamber components.
Experimental procedure
The investigated material is GJV-450 (compacted graphite) cast iron, which is one of the typical materials used in the cylinder head of diesel engine. As the microstructure showed in Fig. 1 , 85% of the graphite phase is vermicular and some spherical graphite phases scatter in the matrix. The graphite is with average length of 70-100 μm, and the width of 10 μm. The specimens are cut into cylindrical pieces with the size of Φ18 * 5 mm.
The experiment is carried out with self-designed testing apparatus [18] . A Nd:YAG millisecond pulsed laser with wavelength of 1.064 μm is utilized as the heat source in this study. The pulsed laser energy is measured with Ophir-NOVA energy meter. The output pulse waveform is set to be rectangular wave, and monitored by oscilloscope. The energy distribution of laser beam shows a super-Gaussian profile on the irradiated surface. Appropriate defocusing distance is selected for the laser spot diameter of 6 mm. Temperature in the center of the laser beam is detected by infrared pyrometer (with wavelength of 8-14 μm), and the corresponding measurement error is 0.5%. The detected temperature signal is important during the test, not only for the characterization of the thermal behavior, but also for the testing control. Compressed air serves as the cooling medium, suppling airflow to the backside of specimen through a gas nozzle, for maintaining the desired temperature gradients across the sample.
In order to produce the variable amplitude thermal cycles, a complete testing cycle is designed to include three stages: the LCF fast heating stage, the HCF temperature oscillation stage and the fast cooling stage, as illustrated in Fig. 2 schematically. The first stage is conducted by PC programmed software with temperature-controlled mode, which the maximal temperature T max is set as 450°C. According to our previous research [18] , the laser parameters of higher repetition rate are used in the first stage, such as 20 Hz. After reaching the maximum temperature T max , the second stage is going on with time-controlled mode, which the heating time is fixed to 250 s. At the same time, the laser parameters are switched to lower repetition rate in order to induce stable oscillation, such as 4 Hz for the cast iron specimen with a characteristic thickness of 5 mm. Once the above two heating stages have been finished, the pulsed laser is turned off and the compressed air is blown to the backside of specimen until the detected temperature dropped to the minimal temperature T min of 100°C. Since the three parts have been executed, a cycle block is finished. The surface cracks evolution is observed after the specific cycles with optical microscope (OM) and scanning electron microscopy (SEM), in order to verify the numerical results.
Numerical model
Temperature data are the foundation of assessing thermal stress and thermal strain. However, it is difficult to measure the overall temperature of specimen. Therefore, the proposed model is to describe the thermal-structural coupling process of surface cracked body under variable amplitude thermal loading, which is based on the nonlinear thermal transient finite element analysis considering the heat conduction, convection and radiation effects (shown in Fig. 3(a) ). The changing crack parameters induced by repeated heating of pulsed laser is considered in the geometric model. The evolution of crack numbers, width and length can be determined by surface observation easily, however, the growth of crack depth is unknown. In order to characterize the in-depth evolution of surface cracks (still within the thin layer below the surface), a two-dimensional axisymmetric model of longitudinal section is established (shown in Fig. 3(b) ), with the same width and depth of each crack for simplification. The material is assumed as homogenous and the material parameters are listed in Table 1 .
The temperature field due to the absorbing pulsed laser energy is governed by the Fourier equation [19] 
where ρ, C and k are the density, specific heat capacity and thermal conductivity respectively. Q is a volumetric heat source within the sample, which can be neglected in the model. A comprehensive heat transfer coefficient is used for simplification of radiation and convection with the environment. According to Fourier's heat conduction law, the boundary conditions on the top surface (including the cracked zone and the un-cracked zone) during the pulse duration obeyif (i − 1) 
where α(T) is the laser absorptivity which depends on both material and temperature, and the spatial distribution of pulsed laser is assigned as I(x) with the super-Gaussian distribution (N = 9). n is the crack number, while the crack width, crack interval, and crack depth is w, v and b respectively. The radius and thickness of model is marked as R and H respectively. E and τ represents the single pulse energy and pulse duration separately.
Once the pulsed laser duration is finished, the top surface is under natural convection condition (20 W/m 2 * K), while the back surface is forced convective with the environment (100 W/m 2 * K). In addition, the adiabatic boundary conditions are set for the symmetric planes and the side surface. With regard to the significant temperature change on the specimen surface and large thermal gradient across the thickness, Table 1 Properties of GJV-450 material for simulation. the mesh size of near 1 mm depth from the surface is smaller than the bottom's, and the mesh model and the heat flux loading area is shown in Fig. 3b ). The meshes are 28,350, and the grid independence is verified with an invariance of simulated temperature field. The mechanical analysis is conducted using the temperature field results for loading conditions. The model is free of constraint and the symmetrical displacement boundary condition is applied to the symmetric axis.
Results and analysis
Thermal fatigue in combustion chamber components is a very complex process. The pulsed laser tests can capture some main features, such as initiation by a network of surface cracks, and propagation of many cracks that often arrest at some depth. Whether cracks remain arrest at a certain depth or propagate to be through-wall cracks depends mainly on the loading and the component geometry [20] . In order to focus on the effect of combined thermal cycles with variable amplitude and frequency, no additional mechanical constraint is applied to the specimen. Therefore, only surface cracks within a thin layer are induced and studied.
There are two important thermal indicators describing the combined thermal process, i.e. the LCF fast heating time (t f ) and the HCF temperature oscillation range (ΔT), as shown in Fig. 2 . They are closely related to the crack propagation on the substrate surface. The evolution curves of the two indicators in the experiment are presented in Fig. 4 . Since the same preset stop temperature of 450°C in the first stage, as the cycles going, the t f decreases sharply from 39 s to 13 s at the first 10 cycles. After that, the descent rate becomes smaller, and the final value of 40th cycle is 8 s. Moreover, although the input energy during the second stage keeps the same value in every cycle, exponentially increased ΔT is observed. This increasing tendency slows down after 10 cycles, and reaching the maximal value of 60°C in the 40th cycle. Such phenomena in the heat transfer process are associated with the change of surface condition, to be exactly, the surface cracks evolution. During the tests, the nonlinear change of absorptivity is significant, especially when the surface cracks are formed within the irradiated region. The laser beam will generate multiple reflections in the grooves of the cracked surface, thus being absorbed more. The more and deeper cracks occurred, the more energy is absorbed, making the fast heating stage shorter and larger temperature swing. Therefore, the proposed thermal simulation model is based on the above physical effect.
The analysis of crack parameters is performed in order to demonstrate the relation between the crack features and the thermal indicators. The effect of cracks evolution on the thermal process is characterized by the crack depth b and crack numbers n. As for the vermicular cast iron material, the thermal cracks usually initiate at the graphite tip, and grow along the graphite phase [8] . Therefore, the crack width w is approximately the same with the width of vermicular graphite, where the constant value of 10 μm is used in the simulation. Several crack depths b = 50 μm, 100 μm, 150 μm, 200 μm, 250 μm are studied. For each crack depth, the crack numbers investigated are 0 and n = 1, 2, 3, 5, 10, 15, i.e., the corresponding crack intervals are infinite and v = 3 mm, 1.5 mm, 1 mm, 0.6 mm, 0.3 mm, 0.2 mm. Fig. 5(a) demonstrates the relationship of crack parameters and the fast heating time (t f ) for reaching 450°C, including the crack number and crack depth. The results indicate that, the t f is shorter and shorter along with the increase of crack depth. What's more, the declined tendency is aggravated for larger numbers. It's obviously that, more areas are involved in the absorption of laser energy, since the surface and in-depth propagation of cracks induced by the repetitive heating.
The maximum t f of 60 s is obtained when there is only one crack of 50 μm in the irradiated center, while the minimum t f of 0.8 s is related to the case for 15 cracks of 250 μm depth. The value corresponding to the crack number of 0 is also shown for comparison. Once the amount and the depth of cracks increase, the effect of cracks on the thermal process is remarkable. Fig. 5(b) shows the relationship of crack parameters and the temperature oscillation range (ΔT), which is induced by the same laser output energy. The ΔT rises since the cracks depth increases, and this tendency keeps up with the increasing crack numbers, which can be seen from different curves in the picture. Although irradiated by the same laser energy during the same time period, higher temperature range is induced due to higher absorptivity, i.e. more cracked areas are produced owing to surface propagation and in-depth propagation. The maximum ΔT of 73°C is occurred in the case of 15 cracks of 250 μm depth, and the minimum ΔT of 7°C is corresponding to the slightest damage situation of 1 crack with 50 μm depth, except for the uncracked condition.
The experimental observation of surface cracks after different cycles is presented in Fig. 6 . Under the large instantaneous thermal gradient, cracks initiate at the tips of vermicular graphite on the heating surface easily even after the 2rd cycle (shown in Fig. 6(a) ). As the test going, the cracks propagate along the graphite phases both on the surface and in the thickness direction. As shown in the Fig. 6(b) , after 40 cycles, the change of crack number is not obvious, even though the total crack length increases significantly. Therefore, when simulating the temperature curves, the crack numbers is assumed to be constant, and only the evolution of crack depth is considered. The crack interval can be calculated from the surface distribution, with the minimal value of about 300 μm, i.e. the crack numbers is 10.
Based on the above analysis, the temperature histories at different crack conditions is simulated and compared with the measured results. Fig. 7(a) demonstrates the measured temperature response of the surface center during the 2rd cycle. The fast heating stage changes from 100°C to 450°C in 19 s, and after that, the laser parameters are transferred to the second setting due to the designed temperature closedloop control mode. Therefore, a temperature oscillation around 450°C is inherently superimposed on the existed cycles. From the insert graph in Fig. 7(a) , the ΔT is about 35°C. The calculated temperature-time curve utilizing the proposed model is shown in Fig. 7(b) , with the crack characteristics of b = 50 μm, n = 10 applied. The simulated result shows almost the same tendency as the measured one, and the simulated ΔT is also 35°C. There is good agreement between the experimental and simulated results, and the model validity is verified. As the cracks propagation, the t f diminishes and the ΔT increases. The measured temperature-time curve of the 20th cycle is presented in Fig. 7(c) , showing a smaller t f of 9 s and larger ΔT of 53°C. In order to reflect the temperature changes accurately, the crack parameters applied in the model is modified to b = 150 μm, n = 10, and the corresponding result is exhibited in Fig. 7(d) . The calculated ΔT is 55°C, showing consistency with the actual experiment. The measured temperature-time curve of the 40th cycle is presented in Fig. 7(e) , while the value of t f and ΔT is 8 s and 60°C respectively. Accordingly, the crack parameters are changed to b = 200 μm, n = 10 in the simulation, and the result is shown in Fig. 7(f) , and the calculated ΔT is 60°C.
During the test, the surface is oxidized severely, causing the decarburization of surface graphite and the formation of oxidation hole. At the bottom of the oxidation holes, which are the stress concentration areas in the microstructure, thermal cracks nucleate and propagate along the depth direction. In order to compare the crack parameters determined by the model with the one obtained by the test, the crack depth after different cycles is observed. Considering the destructiveness of cross-sample preparation, a series of samples are employed for experiments with different cycles, and then the in-depth evolution can be demonstrated in Fig. 8 . Although the distribution of graphite in each sample is different, the crack depth after various cycles is still obvious. From Fig. 8(a) , a crack with the depth of about 50 μm is depicted, which is tested after 2 cycles. The measured result is almost the same with the parameter applied in the simulation of Fig. 7(b) . With the testing going, the cracks propagate continually along the thickness direction. The depth is reaching about 150 μm after 20 cycles, as revealed in Fig. 8(b) . As the oxidation proceeds gradually, the oxygen keeps diffusing inward, causing deeper cracks. After 40 cycles, a crack with nearly 200 μm depth is found (in Fig. 8(c) ), showing the consistent result with the simulated parameters in Fig. 7 .
Discussion
Despite of the difficulties to detect an actual combustion chamber component, this paper represents a good validation of the proposed simulation model to laboratory experiments, which is tested under the similar thermal working conditions of real components. However, due to the limited heat affect depth of pulsed laser heating, the induced crack depth is strongly dependent on the temperature distribution within the substrate. The simulated temperature distributions of 40th cycle at different times using the parameters of Fig. 7(f) is illustrated in Fig. 9. Fig. 9(a) shows the temperature along the distance from the center on the surface at the time of 7.958 s, 8 s, 257.76 s, 258 s and 338 s, which is corresponding to the moment of the last pulse of first stage, the end of first stage, the last pulse of second stage, the end of second stage and the end of cooling stage respectively. The temperature within laser irradiated region at 7.958 s and 257.76 s is consistent with super-Gaussian distribution of laser energy on the surface. Once the pulse laser is off, i.e. 8 s and 260 s, the surface temperature redistributes attributed to the heat transfer. Fig. 9(b) shows the temperature along the depth from surface at the center spot. When pulsed laser heating is applied, severe thermal gradient is induced along the thickness direction. The simulated results indicate that the transient fluctuation occurs only within a thin layer below the surface. This layer is defined as the "interaction depth" at which obvious temperature discrepancy occurs [21] , which is strongly dependent on the thermal boundary conditions. The temperature gradient caused by the LCF thermal loading is larger than the HCF one, thus producing a larger thermal interaction depth.
The dimensionless temperature profiles and heat flows can be expressed by the dimensionless Fourier number, which compares a characteristic body dimension l with an approximate temperature-wave penetration depth for a given time τ. 
The model used in this study can be approximately simplified as an infinite plate with a certain thickness, i.e. the l value is equal to half of the thickness. The τ value for the pulsed laser heating is generally defined as the interval of the pulse, for example, 0.25 s for the pulse of 4 Hz, and 0.05 s for 20 Hz. The D value means the thermal diffusivity of material, whereas 7.06 × 10 −6 m 2 /s for the GJV-450 material. Therefore, the Fo number for the fast heating stage of 20 Hz and the second stage of 4 Hz is 0.056 and 0.28 respectively. According to the recent research [22] , when the Fo number of infinite plate is larger than 0.24, the influence of initial condition will disappear, entering into the regular regime of unsteady-state heat transfer. As for the pulsed laser heating, the Fo number is dependent on the pulse interval, once the sample geometry and material is fixed. Considering the analysis above, the 4 Hz is the critical repetition rate for inducing the stable temperature oscillation, because once the pulse of 4 Hz is removed, the overall temperature difference along the thickness direction will decrease rapidly and reach quasi-uniform state (see in Fig. 9(b) ). If the pulse repetition rate is increased to 20 Hz, i.e. the Fo number is reduced to 0.056, it will be a large temperature gradient along the thickness direction after the pulse removal (see in Fig. 9(b) ). Once the next pulse acts again, the temperature difference keeps increasing, resulting in significant thermal accumulation effect, and showing the similar heating behavior like the quasi-continuous laser.
From the Fig. 9 , the frequent temperature fluctuation almost occurs within the surface shallow region, and there is a strong thermal loading gradient in the depth, leading to the crack propagation within a finite thin layer. As demonstrated in Fig. 10 , the thermal stress and thermal strain during the CCF test is calculated using finite element method. In comparison, the simulated results for maximum temperature of 350°C is also shown in the figure. Fig. 10(a) presents the distribution of the first principle stress along the depth direction. The LCF value shows the maximum on the surface, and decrease to zero at certain depth, while the HCF value obtains the maximal compressive stress on the surface and increases to zero below specific depth. However, the LCF interaction depth of is slightly deeper than the HCF one, due to the larger temperature range and longer interaction time. From Fig. 10(b) , considerable plastic stain is accumulated within a finite small thickness during the LCF stage, while almost no plastic strain is occurred in the HCF stage.
As mentioned above, different loadings cause different patterns of crack damage, as demonstrated in Fig. 11 schematically. Compared to the pure LCF tests (see in Fig. 11(a) ), the CCF tests (see in Fig. 11(b) ) induce more secondary cracks besides several major cracks, forming denser crack networks. It suggests that transient larger temperature gradient is superimposed on the surfaces by the addition of the pulsed HCF oscillation. The mechanisms of thermal cracks initiation under variable amplitude thermal cycles, can be tensile-stress induced cracking in the cooling stage, and peak compressive-stress induced cracking during the HCF heating stage [2] . Since the pulsed laser HCF component would promote the surface compressive cracking, the accelerated crack propagation and higher crack density can be expected. Due to the crack closure effect and the interaction of variable amplitude thermal loadings, the effect of superimposed HCF loadings on the fatigue crack growth is complicated.
The simulated results show that, the large LCF temperature variations are high enough to produce plastic deformation which is necessary for the crack initiation. Once the thermal cracks grow into the specimen, the deformation becomes elastic gradually. Finally, a fully elastic zone without tensile stress is formed, and no further propagation occurs. It is consistent with the fact that the thermal cracks only occur within a thin layer near the specimen surface, and the crack growth along the depth direction is inhibited. Furthermore, the superimposed temperature fluctuation of high frequency on the surface produces cyclic elastic stresses under the yield limit, which is dynamic in nature with a shorter interaction time and smaller interaction depth [2] , when compared to the LCF process. The HCF thermal loadings act on the initiated LCF surface crack in a wedging process, and increase the crack tip opening displacement by high frequency cyclic stresses, offering additional driving force of crack propagation. Therefore, the crack length after specific LCF cycle can be expressed as 
where m and C are constants, N HCF is the number of HCF cycles per LCF cycle, ΔK LCF and ΔK HCF are the stress intensity factor amplitudes under LCF and HCF thermal loadings respectively. The crack growth rate strongly depends on the N HCF . For 1000 HCF cycles or more, significantly higher crack growth rates could be observed [23] [24] [25] . As in this paper, the N HCF is selected to be 1000 by setting the heating time of HCF stage to 250 s, and the effect of different HCF cycles on the crack propagation rate will be studied in the future.
Conclusion
At the present work, the thermal cracks under variable amplitude thermal fatigue is investigated, which are induced by the millisecond pulsed laser innovatively. Furthermore, the temperature field, thermal stress and thermal strain are numerically calculated. The main results are summarized as follows:
(1) The LCF fast heating time and the HCF temperature oscillation range are considered as two typical indictors, and the changes in the thermal indictors are observed as functions of the crack parameters, showing the coupled effect of surface damage state and the subsequent thermal response. The numerical prediction of diverse cracks parameters, are in accordance with the experimental results at different cycles, verifying the accuracy of the proposed model. (2) The observed limited cracks in-depth can be explained by the obvious discrepancy of temperature and stress within a limited thin layer below the surface. The driving forces of crack propagation under thermal loading of variable amplitude, include the tensilestress in the cooling stage and peak compressive-stress during the HCF heating stage. The addition of pulsed HCF oscillation induces more secondary cracks and forms denser crack networks. The LCF interaction depth of is larger than the HCF one, causing more profound influence under the surface. The LCF loading mainly affects crack initiation, while the effect of superimposed HCF loading is to accelerate crack propagation by a surface wedging mechanism. (3) The crack damage process of cast iron under variable amplitude thermal loading is discussed experimentally and numerically, which is also applicable in other material working under similar combined thermal conditions, helping for failure analysis and design optimization. 
